Fossils of the Heteromyidae usually are distinguished using quantitative dental characters because of a lack of diagnostic qualitative characters. However, utility of these characters in addressing taxonomic questions is unclear. 
The fossil record of the Heteromyidae is composed almost entirely of isolated teeth that lack qualitative characters with which to distinguish taxa (Wahlert 1993) . For this reason, most authors have relied on quantitative dental characters to diagnose species (Barnosky 1986; Carrasco 1998; Korth 1996; Korth et al. 1990; Lindsay 1972; Martin 1984) . However, most characters are subject to a high degree of variation (Carrasco 1999) , implying that taxonomic decisions may not be reliable. To test the utility of quantitative dental characters in addressing taxonomic questions in the Heteromyidae, a suite of multivariate analyses * Correspondent: carrasco@socrates.berkeley.edu were performed on the teeth of kangaroo rats (Dipodomys).
Dipodomys is a member of the most diverse heteromyid subfamily, the Dipodomyinae, which contains 9 genera, Ͼ60 species, and a rich fossil history dating back Ͼ2.0 ϫ 10 7 years ago (Wahlert 1993; Williams et al. 1993) . Numerous morphometric studies have investigated morphological similarities among extant kangaroo rats (Baumgardner 1989; Baumgardner and Kennedy 1994; Best 1993; Best and Schnell 1974; Schnell et al. 1978) . However, those studies have looked almost exclusively at skull and postcranial data and therefore are not useful as a basis for interpreting the fossil record.
In addition, numerous classifications and phylogenetic hypotheses of Dipodomys have been proposed using a variety of molecular and morphological data (Best 1993; Best and Schnell 1974; Davis 1942; Grinnell 1921; Johnson and Selander 1971; Lidicker 1960; Schnell et al. 1978; Stock 1974) . While none result from currently accepted systematic methodologies, relationships depicted in previous studies provide a preliminary means to evaluate the possible phylogenetic utility of quantitative characters of dentition.
Therefore, using only quantitative dental characters, I attempted to discover how reliable quantitative dental characters are at allocating individuals to species, find those dental dimensions that can best discriminate species of Dipodomys, and determine the potential ability of dental characters to elucidate higher level relationships by comparing my results to other molecular and morphological classifications.
MATERIALS AND METHODS
More than 3,700 specimens from 19 species were examined. I used the taxonomy of Williams et al. (1993) with modifications proposed by Best et al. (1996) . Fifteen of the 19 species were represented by Ͼ100 specimens; only 2 species, D. elator and the endangered D. stephensi, were represented by Ͻ50 specimens (22 and 43, respectively) . I attempted to maximize number of subspecies represented by each species. A complete list of specimens examined and their locality information is given in Carrasco (1999) . Specimens were allocated to 1 of 6 age groups based on translucency of the bulla (more translucent bullae in older individuals), closure of the basioccipital-basisphenoid suture (more fused sutures in older individuals), eruption of teeth, and wear of teeth. Carrasco (1999) provided a detailed description of aging criteria. Only the middle 4 of the 6 age groups were used to decrease tooth size variation associated with changes in age (Carrasco 1999) .
Eighteen dental measurements were used ( Fig. 1) , representing characters commonly found in the paleontological literature (Barnosky 1986; Korth 1979 Korth , 1996 Lindsay 1972; Martin 1984; Wood 1935) . All measurements were taken to the nearest 0.01 mm through a Shopscope (Ehrenreich Photo-Optical Industries, Garden City, New York) with 10ϫ magnification and a precision digital positioner. Accuracy of the measurement technique was tested using relative error and inspection of bivariate plots. For 100 specimens remeasured, the relative error was Ͻ2% for every variable, and bivariate plots revealed no significant deviations. Therefore, measurement error was considered insignificant.
Statistical analyses.-Most statistical analyses and graphs were generated using Statistica 5.1h (StatSoft 1995) . The minimum spanning trees and Mantel tests were calculated using the computer program NTSYSpc 2.02 (Rohlf 1998) . Terminology and detailed explanations of statistical analyses are in Manly (1986) , Neff and Marcus (1980) , Romesburg (1984) , and the Statistica manual (StatSoft 1995) . A classical discriminant analysis (CDA) using squared Mahalanobis distances (D 2 ) was performed to provide a way to assess how successful given variables were at allocating individuals to their a priori groups. A priori classification probabilities proportional to the group sample sizes were used. D 2 -values also were evaluated to assess how different or similar 2 groups were to each other.
A canonical variate analysis (CVA) was performed to discover those dental variables that best discriminated between species and to reveal those species most similar to each other. The relative contribution of each variable to each canonical variate was investigated, with those variables with large values for a given CV interpreted as the best discriminators between groups. Species similarity was judged using a plot of the average group canonical scores for the first 3 CVs. Because a 3-D plot is not necessarily representative of all group differences, a minimum spanning tree (MST) was created using the Euclidean distances between average group canonical scores and was superimposed on the 3-D CVA plot to show the most similar species.
A principal component analysis (PCA) was used to consolidate the 18 dental variables into 3 or 4 variables that could be used to detect structure among original variables and help separate species into groups. The PCA was completed using a correlation matrix with variables standardized to a mean of zero and standard deviation of 1. A scree test was used to determine how many components should be retained. The FIG. 1.-Left upper and lower dentitions and isolated teeth of Dipodomys illustrating the 18 dental measurements taken for this study. Anterior is to right. Measurements are: TOTUP, length of upper dentition; APP4, length of upper premolar; TP4, width of upper premolar; APM1, length of upper 1st molar; TM1, width of upper 1st molar; APM2, length of upper 2nd molar; TM2, width of upper 2nd molar; APM3, length of upper 3rd molar; TM3, width of upper 3rd molar; TOTLOW, length of lower dentition; APLP4, length of lower premolar; TLP4, width of lower premolar; APLM1, length of lower 1st molar; TLM1, width of lower 1st molar; APLM2, length of lower 2nd molar; TLM2, width of lower 2nd molar; APLM3, length of lower 3rd molar; TLM3, width of lower 3rd molar. resulting average species principal component scores were plotted in 3 dimensions. Similar to the CVA, a MST was created using Euclidean distances between average species principal component scores and superimposed on the 3-D PCA plot.
A cluster analysis was performed to discover the most similar species based on only dental characters. The algorithm used was the unweighted pair-group method using arithmetic averages (UPGMA) of Euclidean distances. That algorithm was used because of its earlier use in similar studies of morphological variation (Best 1993; Best and Schnell 1974; Schnell et al. 1978) , its tendency to have higher cophenetic correlation coefficients than other clustering methods (Rohlf 1970; Romesburg 1984) , and its less extreme method of determining similarities between clusters relative to many other algorithms (Romesburg 1984) . All variables were standardized with a mean of 0 and standard deviation of 1, and the cophenetic matrix was compared with the Euclidean distance matrix used in the analysis via a Mantel test to determine their degree of concordance.
A recent study (de Queiroz and Good 1997) exposed many of the weaknesses in studies that use cluster analyses to address biological questions. All phenetic clustering techniques rely on the assumption that data are hierarchically nested, but many similarity relationships do not exhibit hierarchical structure. An attempt was made to limit those problems by evaluating the cophenetic correlation coefficient. The degree of concordance between the cluster analysis and the CVA and PCA also was assessed using a Mantel test. Nevertheless, because phenetic clustering is not the most effective method for analyzing group similarity, emphasis was placed on similarities discovered from ordination techniques (CVA and PCA) and MSTs.
RESULTS
Statistical analyses.-In CDA, 71.1% of the specimens were allocated correctly to their respective species groups (Table 1) , The first 3 canonical variates of CVA accounted for 81.3% of the discriminatory power among taxa (Table 3) . After the first 3 variates, the ability of the remaining variates to discriminate between taxa decreased sharply. The 1st canonical variate accounted for 48.4% of the explained variance and was weighted most heavily on variables that had the best discriminatory power: TOTUP, APP4, APLP4, APLM1, and TLM3. Those variables that had the weakest discriminatory power on the 1st variate were TP4, TM1, TM2, TLP4, and TLM1. The 2nd canonical variate accounted for 18.3% of the discrimination between taxa and was weighted most heavily by TO-TUP, TP4, TM2, APM3, and APLM1. The 3rd canonical variate explained 14.6% of the variance, and APP4 and APLP4 were the most heavily weighted variables, although TM1, TOTLOW, and TLM1 also contributed substantially to this variate.
Species tended to be separated by size across the 1st canonical variate (Fig. 2) The first 3 principal components of the PCA explained 86.9% of the variance (Table 5). The 1st component accounted for 73.8% of the total variation. Character loadings on the 1st component were Ͼ0.73, with the highest loadings on variables TO-TUP, TM1, TOTLOW, and TLM1. Because of the high positive loadings across all variables, that component represented overall size (Best 1993) . The 2nd principal com- TOTUP  APP4  TP4  APM1  TM1  APM2  TM2  APM3  TM3  TOTLOW  APLP4  TLP4  APLM1  TLM1  APLM2  TLM2  APLM3 TOTUP  APP4  TP4  APM1  TM1  APM2  TM2  APM3  TM3  TOTLOW  APLP4  TLP4  APLM1  TLM1  APLM2  TLM2  APLM3  TLM3  Explained Fig. 2 for species abbreviations). The UPGMA dendrogram resulting from cluster analysis divided species into 2 main groups (Fig. 4) The 5 species in those 2 groups tended to cluster together in the 3D plots of the CVA, PCA, and MSTs. The correlation as determined by the Mantel test between the cophenetic matrix and the Euclidean distance matrix of the cluster analysis was 0.78, with a Ͻ0.001% probability of correlation occurring by chance. Mantel tests computed between distance matrices of CVA, PCA, and cluster analysis revealed similar results. The correlation between distance matrices of the CVA and PCA was 0.87; between the CVA and cluster analysis, 0.78; and between the PCA and cluster analysis, 0.53. All comparisons had a probability of Ͻ0.001%.
DISCUSSION
Discrimination of taxa.-The CDA indicated that tooth size often provided correct species classifications, with 8 of the 19 species correctly classified Ͼ75% of the time. When considering fossil populations, a higher percentage of classification might be obtained by limiting comparisons to specific age groups, thereby decreasing size variation, or comparing fewer taxa. Examination of contributions of each dental variable to the CVA supports results found in prior analyses (Baumgardner 1989; Kennedy and Schnell 1978) and provides several new insights. Baumgardner (1989) and Kennedy and Schnell (1978) found that dental characters TP4, TM3, and TOTLOW possessed limited species discriminatory power, and the generally low standardized coefficients of those characters across all 3 canonical variates supported their interpretations. Characters TOTUP, APP4, APLP4, and APLM1 had high coefficients on 2 of the first 3 canonical variates. These results are somewhat surprising in light of the highly significant age variation found previously in the anterior tooth dimensions of Dipodomys (Carrasco 1999) . However, premolars, particularly their lengths, are among the most diagnostic teeth due to species-specific wear patterns, as evident in the predominance of premolar qualitative characters used in previous studies (Carrasco 1999; Dalquest and Carpenter 1986; Dalquest et al. 1992) . Premolar dimensions also have been used to separate fossil heteromyid taxa. Barnosky (1986) and Storer (1975) were able to separate Cupidinimus (an extinct dipodomyine rodent) based solely on quantitative premolar characters. Korth (1996) , although not able to discriminate fossil taxa based on the dimensions of the 1st and 2nd molars, could do so using quantitative premolar characters. The general lack of discriminatory power of the posterior tooth dimensions is somewhat discouraging for fossil analyses. Nevertheless, TM2, APM3, and TLM3 did provide some, albeit limited, species discriminatory power.
Morphological relationships.-Inspection of the D 2 -values, plots of the CVA and PCA with their respective MSTs, and the dendrogram produced from the cluster analysis allows an analysis of interspecific patterns of morphological variation. Similar techniques have been used to investigate interspecific morphological relationships of Dipodomys based on bacular characters (Best and Schnell 1974) , cranial and external characters (Baumgardner 1989; Baumgardner and Kennedy 1994; Baumgardner and Schmidly 1981) , and combined cranial, external, and postcranial characters (Best 1978 (Best , 1993 Best et al. 1986 Best et al. , 1996 Schnell et al. 1978) . Many of the morphological similarities between species discovered here closely resemble those of previous studies. Plots, trees, the dendrogram, and the D 2 -values reveal a close morphological similarity between D. merriami and D. nitratoides, D. ordii and D. compactus, D. agilis and D. simulans, and D. heermanni and D. panamintinus. D. agilis, D. heermanni, D. panamintinus, D. simulans, and D. stephensi also are morphologically similar to each other. These various species similarities help explain many of the misallocations found in the classification matrix of the CDA. Identical results were discovered by Baumgardner (1989) , Baumgardner and Kennedy (1994) , and Best (1993) . Schnell et al. (1978) also found similar results except among the group of 5 species-the placement of these taxa were variable across phenograms in that study. Although D. spectabilis and D. nelsoni are morphologically similar in all analyses conducted here, congruence of these dental results with those from other data sets is not universal. Best (1993) found a closer morphological relationship between D. spectabilis and D. ingens than between D. spectabilis and D. nelsoni in most of his analyses. Baumgardner (1989) and Baumgardner and Kennedy (1994) indicated morphological similarities between D. nelsoni and D. ingens. Results of Best and Schnell (1974) and Schnell et al. (1978) 2 -values, MST lengths, and positions of D. deserti and D. ingens in the 2 plots show that these 2 taxa are distinct and are removed from all other taxa in morphometric space. Previous analyses also have found that D. deserti occupies a unique position in morphological space, although morphological similarities to other large taxa have been noted (Baumgardner 1989; Baumgardner and Kennedy 1994; Best 1993; Schnell et al. 1978 Best (1993) and Schnell et al. (1978) Baumgardner (1989) and Baumgardner and Kennedy (1994) found that D. gravipes was isolated in morphological space and that D. phillipsii was similar to D. simulans. Schnell et al. (1978) Baumgardner (1989) , Baumgardner and Kennedy (1994) , Best (1993), and Schnell et al. (1978) .
Agreement among the quantitative morphological data sets discussed here is similar to the agreement between dental results and phylogenetic hypotheses based on karyotypic, genetic, and other morphological criteria. Prior to the advent of molecular and statistical techniques to investigate taxonomic questions, numerous authors attempted to group species of Dipodomys based on degree of specialization and gross morphological similarity (Burt 1936; Davis 1942; Grinnell 1921 Grinnell , 1922 Lackey 1967; Lidicker 1960; Setzer 1949) . In the last 30 years, molecular techniques have become popular for investigating taxonomic relationships (Best and Janecek 1992; Best et al. 1986 Best et al. , 1996 Genoways and Jones 1971; Hamilton et al. 1987; Johnson and Selander 1971; Rogers 1993a, 1993b; Patton et al. 1976; Stock 1974; Sullivan and Best 1997) . Most studies of Dipodomys have used molecular techniques to investigate the specific status of individual taxa. Three studies (Hamilton et al. 1987; Johnson and Selander 1971; Stock 1974 ) used karyotypic or genic data to investigate relationships among several taxa. provided a thorough comparison of all past classifications and groupings, with the highest degree of concordance between karyotypic groups (Stock 1974 ) and traditional morphological groups (Grinnell 1921; Lidicker 1960) . Morphological phenograms were more weakly correlated, and the most discordant data set was the protein analysis of Johnson and Selander (1971) .
Results of my dental analysis appear to conform most closely with those of Davis (1942) , Grinnell (1921) , Lidicker (1960) , and Stock (1974) . Species within the Heermanni, Ordii, and Merriami groups of these authors clustered close together in dental analyses and were interconnected in the MSTs. The unique morphological position of D. deserti, also noted earlier, is supported by these and other studies. Davis (1942) , Grinnell (1921) , and Setzer (1949) placed D. deserti within its own group, whereas Lidicker (1960) and Stock (1974) placed D. deserti within a monotypic subgroup of a larger group, but its position in both was questioned. A close association between D. spectabilis and D. nelsoni also was indicated by these previous works.
Discrepancies between groups based on the dental data and those of Davis (1942) , Grinnell (1921) , Lidicker (1960) , and Stock (1974) are few. Lidicker (1960) and Stock (1974) allied D. elator with their Spectabilis group, whereas Davis (1942) placed it within its own group and Grinnell (1921) allied it with D. phillipsii. Recently, molecular work (Hamilton et al. 1987 (Dalquest et al. 1992) . As noted earlier, D. elator is dentally different from all other taxa; however, all dental analyses suggest a close relationship with D. phillipsii. Clearly, D. elator is a unique taxon in need of further study.
Dipodomys venustus generally has been regarded as most closely related to D. agilis and D. simulans (Davis 1942; Grinnell 1921 Grinnell , 1922 Lackey 1967; Lidicker 1960; Stock 1974 (Davis 1942; Grinnell 1921 Grinnell , 1922 Lidicker 1960; Stock 1974 (Davis 1942; Grinnell 1921; Lidicker 1960; Stock 1974 All of the multivariate techniques demonstrated that quantitative dental characters have utility in discriminating taxa. The CDA was able to classify correctly Ͼ70% of the specimens to their a priori species groupings, and in the CVA, variables TO-TUP, APP4, APLP4, and APLM1 were best at separating Dipodomys species. These results point to the usefulness of dental dimensions, in particular premolar and 1st molar lengths, in distinguishing taxa. The utility of these specific teeth is counterintuitive given the fact that they have been shown to be subject to the highest degree of age variation (Carrasco 1999) . However, age variation is species specific, and it is these specific differences in wear pattern that probably provide diagnostic characters. My results are corroborated by previous workers who were able to distinguish heteromyid taxa using premolar characters (Barnosky 1986; Korth 1996; Storer 1975) .
The squared Mahalanobis distances, plots of the CVA and PCA along with their respective MSTs, and the dendrogram created from the cluster analysis show clear groupings of morphologically similar taxa. In general, these clusters closely correspond to groups proposed by other authors using different data sets (Baumgardner 1989; Baumgardner and Kennedy 1994; Best 1993; Davis 1942; Grinnell 1921 Grinnell , 1922 Lidicker 1960; Schnell et al. 1978; Stock 1974) . Dental results also agreed with these previous studies in the discovery that several taxa, including D. elator and D. deserti, were morphologically unique and could not be allied reliably with any other taxon.
Overall, my results suggest that quantitative dental characters can be useful in discriminating and grouping heteromyid taxa. It appears possible to compare fossil samples using only quantitative characters to arrive at a reasonably robust idea of relationships among taxa. Nonetheless, further work needs to be done to sort out phylogenetic relationships among living Dipodomys taxa before hierarchical taxonomic decisions can be made based solely on dental characters. No study has investigated phylogenetic relationships of Dipodomys using cladistic methodology. Comparisons between morphological relationships depicted in this study to such a phylogeny would be useful.
